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Introduction
Nowadays, it is well known that structures of metallic nanoparticles produce large plasmonic enhancements [1, 2] in a wide variety of optical processes such as fluorescence (FL) emission or Raman scattering. These enhancement effects have found a large number of applications in very active research and technological fields such as photonics, nano-or bio-technology. A variety of sophisticated lithographic and chemical techniques have been already developed to produce optimized metal structures. However, the complexity of the fabrication processes strongly limits the possibility of easily obtaining versatile plasmonic structures. Recently, a novel optoelectronic method to produce micrometric patterns of micro-and nanoparticles highly correlated with exciting light patterns has been developed. It is known as photovoltaic tweezers (PVT) and the details and fundamentals of the method have been summarized in some previous review papers. [3] [4] [5] It is based on the dielectrophoretic and electrophoretic forces acting on neutral and charged particles, respectively, resulting from the evanescent photovoltaic (PV) electric fields generated by light illumination on a PV crystal such as LiNbO 3 :Fe. The method was first applied to dielectric particles, [6, 7] but it works adequately regardless the electronic structure of the particles, which can be insulating, semiconducting or metallic. [4] The possibility of using this technique to generate particle patterns for applications such as charge sensors, [8] diffractive optical devices [9] or manipulation of bio-objects [10] has been recently demonstrated. Patterns assembled from metallic nanoparticles should present new features associated to the localized surface plasmon resonances (LSPR) that have not been investigated so far. In particular, LSPR are known to strongly enhance the linear (absorption and luminescence) and nonlinear (second harmonic generation (SHG), Raman scattering) optical responses of a medium placed close to the nanoparticles. [11, 12] Currently, different alternative techniques, using optical methods, are employed to fabricate metallic nano-structures and to carry out plasmonic research. Among others, excimer laser irradiation of metal films has been reported to produce Ag-nanoislands arranged in self-organized patterns, [13] which presents LSPR. Other relatively simple methods consist on precipitating Ag-nanoparticles in the frontiers of a periodically poled ferroelectric pattern under uniform UV light illumination [14, 15] or taking advantage of the pyroelectric effect. [16] [17] [18] In this way, relevant enhancements in the SHG response have been obtained which are associated to the LSPR of the structures. [19, 20] In comparison with other methods, our photo-assisted patterning procedure is inexpensive, flexible and reconfigurable, thus facilitating to test and compare the optical behaviour of different structures. In other words, the PVT technique can provide an attractive simple and versatile method to fabricate plasmonic platforms for optical enhancement applications.
Although the method requires, in principle, a PV substrate, a novel achievement has been the possibility of transferring the generated patterns onto a non-PV substrate, such as glass or a polymer. [9] This largely expands the potential of the method to include semiconducting and waveguiding devices.
This paper reports for the first time, the plasmonic effects presented in metallic patterns produced by PVT. 
Fabrication and characterization of the metallic nano-structures

Preparation of the nanoparticle patterns
In order to produce the nano-structured metallic patterns, the PVT technique includes two steps that can be either simultaneous or successive: i) illumination of the PV substrate (LiNbO 3 :Fe) with the suitable light intensity pattern to generate the PV fields, and ii) deposition of the nanoparticles under these PV fields. The sequential procedure is easier to implement and it is the one used in this work. In order to have a high PV effect for particle trapping [4, 21] highly iron doped (0.25 % mol) LiNbO 3 plates were used as PV substrates.
Their thicknesses were 0.5 mm or 1 mm. Depending on the pattern type, different experimental configurations have been preferred as justified elsewhere: [22] i) x-cut crystals and sinusoidal illumination for 1D fringe patterns, and ii) z-cut crystals and illumination from a spatial light modulator for 2D patterns. In previous work, it was demonstrated that this technique works well with nanoparticles having diameters d in the range of 40 -100 nm. [21, 23, 24] The present experiments use smaller Ag-nanoparticles, d ~ 25 nm, in order to possibly maximize plasmonic effects. They have been deposited from a hexane suspension in which the LiNbO 3 :Fe substrate was immersed during 30 -60 s. More details on the deposition method can be found elsewhere. [4, 24] When necessary, the metallic patterns generated on LiNbO 3 surface have been transferred to other substrate by a simple method [9] using a thermal release tape (see Experimental Section for details).
Characterization of plasmonic patterns
1D and 2D periodic patterns have been fabricated by the PVT method described in Section 2.1. Good quality patterns over areas up to 1 cm 2 have been obtained. For the 1D patterns, different fringe spacings (from some tens to a few micrometers) and fringe widths were achieved. Optical microphotographs of two representative patterns are displayed in Figure 1 . Figure 1c . The insets in figures 1a and 1b show a large diversity of colours, from red to blue, arising from the wavelength selectivity of the plasmonic scattering, due to the dependence of the LSPR on the cluster size and shape. [25, 26] Optical reflectance from 400 to 1000 nm offers an additional and simple technique for an overall characterization of the patterns and their plasmonic effects. The overall reflectance of the 1D and 2D patterns are displayed in Figure 2 , showing the ratio R/R LBN , where R and R LBN are, respectively, the reflectance of the patterned sample and that for the bare LiNbO 3 :Fe substrate taken as a reference. They show that the reflectance ratio of the samples decreases by about 5% for the 1D and by up to 20% for the 2D patterns in the wavelength range (300 -500 nm). In the latter case, the ratio recovers to an intermediate value of 10% for λ > 700 nm.
The experimental data on a large number of patterns confirm that the overall reflectance decreases on increasing coverage i.e. in accordance with the higher density of scatters, which contributes to the overall extinction of the sample. The spectral profiles illustrated in Figure   2a and 2b, do not show sharp bands, but only broad features that should correspond to the overlapping of the resonant plasmonic bands of the contributing nano-features present in the patterns and clearly apparent in Figure 1 . Note that the plasmonic responses extend along a broad spectral range, thus facilitating the spectral tuning for enhancement effects.
Enhancement effects of plasmonic patterns
Plasmonic enhancement effects for the fluorescence of the DR1 dye
In order to study the enhancement effects produced by the PV nanoparticle patterns, we have investigated the fluorescence of dye molecules deposited on the samples. Specifically, we have first used DR1 molecules, [27] that have found many applications in optical switching and optical data storage. [28, 29] The absorption and luminescence spectra associated to π → π A similar experiment has been performed for the 2D square patterns after deposition of the DR1 dye. The corresponding FL microscope image and the scanned fluorescence profile along the direction perpendicular to a square side are, respectively, illustrated in Figure 5a and 5b. A strong and sharp enhancement of the FL yield is observed when crossing the boundary of the squares. From Figure 5b , an average plasmonic FL enhancement factor of around 10 is measured, similar to that obtained for the 1D pattern.
This value is within the range of reported values for the enhancement factors of diverse plasmonic systems. Among others, enhancement factors of 5 and 50 have been achieved for Atto680 and indocyanine green (ICG) dyes, respectively, placed nearby Au metallic nanosystems whose LSPR overlaps with the dye emission band. [30, 31] A factor 8 was obtained in another system with Cy5 dye molecules, where the LSPR linked to arrays of Ag-nanoparticles matches both absorption and emission bands of the dye. [32] Moreover, in a recent work concerning SHG, [33] the authors use Ag-metallic structures (formed by aggregates) on RTP crystals, a structure rather similar to our PV patterns. The enhancement factor in our FL experiments (around 10) is somewhat higher than that obtained in the SHG experiments (factor 5) when the SH frequency matches the plasmon resonance of the nano-structure. On the other hand, the FL enhancement is lower than that achieved (factor 60) for the SH yield when the plasmon resonance nearly coincides with the fundamental excitation frequency.
Note that in this later case, the SH yield varies with the square of the fundamental intensity and so, the meaningful value to be compared with the FL enhancement factor would be around √60~8. In short, the FL enhancement factor in the present experiments is in most cases somewhat higher than other reported values probably because the plasmonic resonance of our metallic structures overlaps with both the emission and excitation dye band, enhancing the two mechanisms. Hence, large Stokes shifts between absorption and emission dye bands have little relevance on the enhancement factor due to the broad plasmonic bands provided by PV structures.
Fluorescence enhancement experiments on biological molecules
A similar experiment to the one of the previous section has been carried out to demonstrate the applicability of the nanoparticle metallic structures in biotechnology. An Ag fringe pattern deposited on the PV substrate, similar to the one of Figure 1 , was used in these experiments.
Two solutions containing two distinct fluorescein-labeled molecules, with high biological interest, have been employed (see Experimental Section for details): i) DNA fragments with a maximum size in the range of 70-170 nm. ii) Synthetic peptide nucleic acid (PNA). The DNA probe is typically used in Fluorescent In Situ Hybridization (FISH) experiments, which serve to specifically localize DNA sequences (genes, etc.) in chromosomes, DNA fibers, tissues, and cells. [34, 35] The peptide is commonly used to detect human and other vertebrate telomeres by FISH, either with scientific and clinic interest. [36] A 10 μl droplet of each solution was deposited on two separated regions of the substrate surface. The sample was inspected by conventional optical and, subsequently, by FL microscopy and the resulting images are shown in reflectance spectra (see Figure 2 ).
Experiments on PMMA films containing perylene orange
So far, the enhancement experiments have involved nanoparticle patterns on top of a PV substrate due to the fabrication procedure. In this section, we remove this limitation by using a technique to transfer the metallic nanoparticle patterns to another non PV functional substrate.
The samples used here consisted on PMMA films containing 1 wt% of PDI-O deposited over glass, on top of which the Ag nanoparticles pattern originally fabricated on LiNbO 3 :Fe, were transferred as described in Experimental section. PDI-O is a quite photo-stable molecule with a very high FL quantum yield (close to 1) when dispersed at concentrations of 1 wt%, or below, in inert thermoplastics polymers such as PMMA and polystyrene. These systems have shown a very good performance as active material in waveguide-based organic lasers. [37, 38] Moreover, the potential of distributed feedback lasers based on this active system as refractive index [39] or biological [40] sensors has been recently demonstrated. The chemical structure of PDI-O and the absorption and FL spectrum of the film used in this work are shown in Figure   7a . In turn, Figure 7b shows an optical microscope image of the prepared plasmonic sample with the Ag-nanoparticle pattern on the luminescent PMMA film.
It can be clearly seen that the orange light, corresponding to the PDI-O fluorescence, mostly comes from the molecules lying just below the fringes of the deposited pattern of nanoparticles. Since the distribution of dye molecules is uniform, this result indicates that the dye FL yield is enhanced for those molecules that are in the vicinity of the nanoparticles. The effects appear less pronounced than those obtained in the previous experiments of section 3.1, probably because the density of particles is lower. Since the polymer film constitutes a light waveguide, the result is an illustrative example of the applicability of our plasmonic structures for integrated devices. Moreover, the good performance of PDI-O doped polymer films for laser applications, combined with this FL enhancement results open up a promising route [19] for improving the laser efficiency.
Experimental Section
Materials: x-cut (1 mm thick) and z-cut (0.5 and 1 mm thick) wafers of LiNbO 3 doped with 0.25% mol of Fe were used as PV substrates. They were bought to Hangzhou Freqcontrol Electronic Technology Ltd., and cut obtaining samples with surface dimensions around 10 × 6 mm 2 . Spherical Ag-nanoparticles with an average particle size (APS) of 25 nm and 99.95% purity were supplied by Skyspring Nanomaterials, Inc. In Figure 8 , SEM image of the nanoparticles is provided. DR1 powder, with a dye content of 95% (bought to Sigma-Aldrich Co.) Laboratories Inc.) following a simple method described in reference [22] . The tape is stuck to the PV substrate surface and peeled off with the particles attached on it. Then, the tape is firmly stuck to the PMMA film and came off after a smooth heating process at 110 ºC during a few minutes. The result reproduces the micrometric pattern in the new substrate with a fraction of transferred particles of around 40-50%.
Conclusion
The technique usually designated as PVT has been applied for the first time to fabricate plasmonic metallic nano-structures at the surface of a 
